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A search has been performed for the trilepton decay signature from the associated production
of the lightest chargino and the next-to-lightest neutralino in leptonic channels of two muons plus
a third lepton; and one muon and one electron plus a third lepton in the context of minimal
Supersymmetry. The search uses data taken with the DØ detector at the Fermilab Tevatron
pp̄ collider at a center-of-mass energy of 1.96 TeV corresponding to an integrated luminosity of
around 1 fb−1. No candidates have been found in the eµ` channel with an expected background of
0.94+0.40

−0.13 events, while two candidates were found in the µµ` channel consistent with the background

expectation of 0.30+0.73
−0.03 events. In combination with the results of two previously approved DØ

trilepton analyses, new stringent limits on the associated production of charginos and neutralinos
have been set.
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I. INTRODUCTION

Supersymmetry (SUSY [1]) postulates a symmetry between bosonic and fermionic degrees of freedom and predicts
the existence of a supersymmetric partner for each standard model particle. The present note describes the search
for the associated production of the charged and neutral partners of the SM bosons (charginos and neutralinos) in
final states with either one electron, one muon, a third lepton and large missing transverse energy (6ET), called eµ`
in the following; or two muons, a third lepton and large 6ET, called µµ`. The analyses are based on the Minimal
Supersymmetric extension of the Standard Model (MSSM) with R-parity conservation [1]. More specifically, we
use a minimal supergravity (mSUGRA) inspired model with chargino (χ̃0

2) and neutralino (χ̃±
1 ) masses following the

relation mχ̃±

1

≈mχ̃0

2
≈2mχ̃0

1
. The model predicts pair production of the lightest chargino along with the second-lightest

neutralino with subsequent decays into fermions and the LSP (the lightest supersymmetric particle, χ̃0
1) [2].

The points in mSUGRA parameter space considered here are characterized by slepton masses close to the
chargino/neutralino masses, which lead to an enhanced leptonic branching fraction. The chargino/neutralino de-
cay mode depends on the mass relation to the scalar partners of the charged leptons (sleptons). See Fig. 1 for an
example of decay via off-shell gauge bosons and sleptons. For simplicity, the result is interpreted in a scenario without
slepton mixing and degenerate ẽR, µ̃R and τ̃R masses. Searches for supersymmetric particles have been performed in
e+e− collisions at LEP [3] and in pp̄ collisions at DØ [4], [5] and CDF [6]. No evidence for these particles has been
found so far. LSP masses below 40 GeV are excluded in MSSM models with GUT relations by the LEP experiments.
In mSUGRA, the LSP lower mass limit is found at 50–60 GeV [3]. For large slepton/sneutrino masses, chargino
masses are excluded nearly up to the kinematic production threshold of 103 GeV at LEP [3] by direct searches. Higgs
searches at LEP yield indirect sensivity also for the mass region beyond the chargino production threshold.

�

�
���

�����

��
	�
�
�

���

�� 	 �





�



�� 	 �

�

�
���

�����

��
��
� � �

� � �

�

�� � �

�

���� �

�

�

(a) (b)

FIG. 1: Main production and decay modes for the signal points considered in the present analysis.

II. DATA AND MC SAMPLES

The analysis is based on data collected from April 2002 to February 2006 by the DØ detector at the Fermilab
Tevatron pp̄ collider at a center-of-mass energy of 1.96 TeV and corresponds to an integrated luminosity of 1.1 fb−1.
The luminosity is determined by normalizing MC to data around the Z peak at preselection level, using the NNLO
cross section 241.6 pb, [7], [8]. All simulated signal and standard model processes are generated using pythia

6.319 [9] and processed through the full detector simulation. Signal parameter combinations have been generated for
tan β = 3 and chargino masses in the range of 98–150 GeV using the parameters corresponding to the Les Houches
Accords, (LHA) [10]. See Table I. Three reference points were chosen with low, medium and high χ̃± mass within
this mass range. The symbols in Table I are: The common fermion mass at GUT scale, m1/2, the common scalar
mass at GUT scale, m0, the ratio of vacuum expectation values of the two Higgs fields, tanβ, the trilinear coupling
A0 at GUT scale and the Higgs(ino) mass parameter, µ. The total cross section σ × BF(pp̄ → χ̃±

1 χ̃0
2 → 3`) varies

between 0.5 and 0.1 pb. A detailed description of the generated reference points is given in Table I.
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Major background sources are Z/γ → ``, W + γ → `ν + γ, and WW → ``νν. Multijet background from QCD
production is determined directly from data in both analyses. Samples dominated by multijet background have been
defined that are identical to the search samples except reversed lepton identification requirements. These samples
will be called “fake” samples below. For the eµ` analysis, the electron ID variables and the muon isolation variables
have been inverted in order to define a region in phase space where QCD is dominant. A sample of like-sign leptons
is used to normalize the fake sample. The like-sign sample is dominated by QCD events at preselection level, but
cannot be used in advanced stages of the analysis, since the signal is partly like sign. In the µµ` analysis, both muons
are required to be non-isolated in the fake sample. Again, the sub-sample of the dataset consisting of like-sign events
is used for normalization of the fake sample. The fake sample is also reweighted as a function of pT in order to take
into account the differences in the kinematics between the two samples.

name χ̃±-mass (GeV) χ̃0
2-mass (GeV) χ̃0

1 mass (GeV) m0 (GeV) m1/2 (GeV) m ˜lR
(GeV) σ × BR[pb]

LHA.244.324 150 152 82 121 221 153 0.058
LHA.131.232 125 127 69 98 192 129 0.14
LHA. 87.194 115 118 63 88 182 119 0.22

TABLE I: SUSY parameters for three reference signal points. All points have tanβ = 3, A0 = 0, µ > 0.

III. EVENT SELECTION eµ`

For the eµ` analysis, the selection criteria are discussed in detail below and are summarized in Table II. The events
selected must have at least one electron with pT > 12 GeV and one muon with pT > 8 GeV. The electron-muon
invariant mass must also exceed 15 GeV. Both leptons should stem from the same vertex (∆z(e, µ) < 1.5 cm) and
from the primary vertex, PV, (∆z (lepton, PV) < 2.0 cm). All leptons in the event are required to be well separated

in space ∆R =
√

∆η2 + ∆φ2 > 0.4. To remove possible contributions from WZ decays, events are vetoed if two
electrons or two muons are found in the event and their invariant mass is larger than 70 GeV. These cuts are referred
as “Cut 1” (preselection). The largest contribution to the background at this stage is multi-jet events from QCD
production, Z/γ∗ decays and from W + jet/γ events.

Events from QCD and Z/γ∗ contributions can be effectively rejected with a cut on the missing transverse energy
6ET and on the minimum transverse mass MT

min (l, 6ET) (“Cut 2”). Fig. 2a shows the 6ET distribution at preselection
level and Fig. 2b shows the MT

min (`, 6ET) distribution at preselection level. QCD events are characterized by small
values of 6ET, while the two LSPs and the neutrinos in the signal topology lead to a considerable amount of 6ET.
Therefore, events with 6ET < 10 GeV are discarded.

Larger values of 6ET can also be mimicked due to poorly measured lepton energy and thus small angles between 6ET

and one of the leptons. This leads to small values of the transverse mass of the lepton with the missing transverse
energy, whereas the signal is characterised by larger transverse masses. The cut on the minimal transverse mass
MT

min (l,6ET) is applied at MT
min (`, 6ET) > 20 GeV. An upper cut of MT

min (`, 6ET) < 90 GeV removes a fraction of
WW events without decreasing the signal efficiency.

In addition, events are rejected if they contain jets with transverse energies above 15 GeV and have a small missing
ET significance, Sig(6ET), which is defined by normalizing the 6ET to σEj

T
‖ ,6ET

, a measure of the jet energy resolution

projected onto the 6ET direction, (“Cut 3”):

Sig(6ET) =
6ET

√

∑

jets σ2

Ej

T
‖ 6ET

.

At this selection stage, the dominant backgrounds are W + jet events and pair production of W bosons. A cut
on the electron-muon invariant mass Meµ is expected to reduce both backgrounds, since most of these events have
large invariant mass. The Meµ invariant mass is required to be less than 100 GeV (“Cut 4”). See Fig. 2c for the Meµ

invariant mass distribution at preselection level. tt events are further rejected by requiring HT < 50 GeV (“Cut 5”),
the scalar sum of the pT of the jets in the event. Fig. 2d shows the HT distribution after cut 4.

The next step in the selection is the identification of a third track. The selection of the track is designed to be
efficient for all three charged leptons. The track has to be well separated from electron and muon (∆R(e/µ, track) =
√

∆η2 + ∆φ2 > 0.4), but come from the same vertex (∆z (track, e/µ) < 1.0 cm). Two isolation criteria are applied.
In order to reduce events with tracks from charged hadrons within a jet, tracker isolation is applied by requiring that
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Selection criterion Value

Cut 1 Preselection Trigger, ID, no charge requirement
pe

T > 12 GeV and pµ
T > 8 GeV, mll > 15 GeV

∆z(e, µ) < 1.5 cm, ∆z (`, PV) < 2.0 cm, ∆R(e, µ) > 0.4

remove events with 2e or 2µ, if Mee or Mµµ > 70 GeV

Cut 2 6ET 6ET > 10 GeV

MT
min (`, 6ET) 20 GeV< MT

min (`, 6ET) < 90 GeV

Cut 3 Sig(6ET) Sig(6ET) > 8 (for NJet > 0)

Cut 4 Invariant mass Mll′ Meµ < 100 GeV

Cut 5 HT (scalar sum of pJet
T ) HT < 50 GeV

Cut 6 3rd isolation track pT (track) > 5.0 GeV, tracker isolation ΣpT < 1 GeV

calorimeter isolation Eiso < 3.0 GeV and

Eiso/GeV < 0.6 *
p

pT (track)/GeV

Cut 7 MT (3rdtrack, 6ET) MT (3rdtrack, 6ET) > 8 GeV

Cut 8 Anti WZ/γ∗ Remove events if M(e, track) < 5 GeV, M(e, track) > 70 GeV

Remove events if M(µ, track) < 5 GeV, M(µ, track) > 70 GeV

p3rdtrack
T > 7 GeV, if 60 GeV < MT

max (l, 6ET) < 90 GeV

TABLE II: Summary of the selection criteria for eµ` final state.

the scalar pT sum of all tracks in 0.1 < ∆R < 0.4 around the third track is ΣpT < 1 GeV. Further reduction of
number of tracks from QCD jets is achieved by cutting on the calorimeter energy deposition in a cone around the
third track. The scalar sum of the transverse energy in a hollow cone 0.2 < ∆R < 0.4 around the track is required to

be less than 3 GeV and ΣET

GeV < 0.60

√

p`3
T

GeV where p`3
T denotes the pT of the isolated track and ΣET is the scalar sum

of the transverse energy in the electromagnetic and the fine hadronic cells.
After requiring an isolated track, the main backgrounds are W± → `±ν and Z/γ∗ → µµ, where in the second case

the third track is coming from a non-reconstructed muon. These events passed the cuts dealing with 6ET because the
muon was not reconstructed and consequently 6ET is overestimated by the amount of the transverse momentum of
the muon and 6ET points into the direction of muon. A significant fraction of this Z/γ∗ → µµ background can be
suppressed by the cut on the transverse mass MT (3rd track, 6ET) of the third track and missing transverse energy:
MT (3rd track, 6ET) > 8 GeV (“Cut 7”). See Fig. 3a for the MT (3rd track, 6ET) distribution after cut 6 and Fig. 3b
for the ∆φ distribution between the third track and 6ET.

At the last stage of the selection, the background from WZ remains the largest one. Therefore, a cut on the
invariant mass of the electron and third track M(e, track) < 70 GeV or on the invariant mass of the muon and
third track M(µ, track) < 70 GeV is used to remove WZ contamination in events where one of the leptons from Z
is reconstructed as a third track. Finally, the W + jet and WW backgrounds are further suppressed by raising the
pT threshold of the third track to 7 GeV, if the transverse mass of the leading lepton and 6ET is between 60 GeV
and 90 GeV, making use of the fact that an additional track in W events has low-pT (“Cut 8”). See Fig. 3c for the
M(µ, track) distribution after cut 7.

IV. EVENT SELECTION µµ`

The µµ` selection criteria are summarized in Table III. The selection requires two isolated muons with pT > 12 and
8 GeV. See Fig. 4a and b for the pT distributions of the leading µ and trailing µ at preselection level. Both muons
have to stem from the primary vertex. The muons have to be isolated both in the tracker and in the calorimeter. The
tracker isolation is defined as the sum of pT of tracks found within a cone of ∆R < 0.5 around the muon candidate
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FIG. 2: (eµ`)Distribution of (a) the missing transverse energy, 6ET at preselection level (b) MT at preselection level, (c) invariant eµ
mass at preselection level and (d) HT after Cut 4, for data (points with error bars), background simulation (histograms, complemented
with the QCD expectation) and signal expectation for point LHA.131.232 (empty histogram).

track. The calorimeter isolation is the sum of energy of cells within a hollow cone of 0.1 < ∆R < 0.5 around the
position of the muon track in the calorimeter.

The leading muon must be isolated with Eiso < 4 GeV in the tracker and the calorimeter. The trailing muon must
fulfill Eiso < 1.5 GeV. Many background processes have one isolated muon in the final state, whereas the second
reconstructed muon lies within a jet. The tight requirement on the trailing muon reduces this background, especially
the W → µν background.

The invariant mass of the muon pair must be 24 < Mµµ < 60 GeV. The criteria is chosen to reject Υ(nS) and
Drell-Yan background on the lower edge and Z → µµ background on the upper edge of the selected mass region. See
Fig. 4c for the invariant mass distribution at preselection level.

The requirement ∆φ(µ1, µ2) < 2.9 rejects mainly background from Z decays and QCD background which both peak
at ∆φ = π whereas the signal is almost uniformly distributed in ∆φ. This cut also removes residual background from
cosmics which are back-to-back. Fig. 4d shows the ∆φ(µ1, µ2) distribution at preselection level.

As discussed in Section III, the trilepton signal to background ratio can be enhanced by requiring well-measured 6ET

using the following cuts on 6ET, Sig(6ET) and MT (µ, 6ET): 6ET > 20 GeV, Sig(6ET) > 8, MT > 20 GeV. See Fig. 5a for the
6ET distribution at preselection level and Fig. 5b for the distribution of Sig(6ET) at preselection level. The transverse
momentum of the third track must be pT > 4 GeV. Both isolation in the tracker and in the calorimeter are required.
See Fig. 5c of the pT distribution of the third track. For the third lepton a transverse mass MT (track, 6ET) > 8
GeV is required. This requirement removes a large fraction of the remaining Z → µµ background. A fraction of the
remaining WZ background can be removed by requiring that the invariant mass of the leading muon and the third
track is below the Z mass: Mµ1`3 < 80 GeV.
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FIG. 3: (eµ`)Distribution of (a) MT between the third track and 6ET after cut 6, (b) ∆φ between 6ET and third track after cut 6,
(c) invariant mass between muon and third track after cut 7, for data (points with error bars), background simulation (histograms,
complemented with the QCD expectation) and signal expectation for point LHA.131.232 (empty histogram).

In chargino and neutralino decays the pT of the event is balanced between the chargino on one side and the
neutralino on the other side. The ratio of the vector sum of the momenta of muons and 6ET and the pT of the third
track is defined as pT balance. For signal events this variable peaks around 1. Part of the WZ background has a pT

balance close to 0. QCD and background from Z decays have a large fraction of events with high values of the the pT

ratio. A selection of events with 0.3 < (pT (µ1) + pT (µ2)+ 6ET)/pT (track) < 3 is made.
For the remaining background the product of 6ET × pT(track) has low values. A cut on this variable is made:

6ET × pT(track) > 150 GeV2, and the choice of 150 GeV2 cuts away a relatively larger fraction of the remaining
background than signal. (See Fig. 5d).

V. SYSTEMATIC UNCERTAINTIES

The estimates for expected numbers of background and signal events depend on numerous measurements that each
introduce a systematic uncertainty: lepton identification, trigger efficiencies and reconstruction efficiencies (4%), jet
energy scale calibration in signal (< 1%) and background events (1%), lepton and track momentum calibration (1%),
PDF uncertainties (< 4%), and modeling of multijet background (30%). The systematic error on the luminosity is
mainly a combination of the PDF uncertainty (4%), uncertainty for the NNLO Z cross section (4%) and data/MC
normalization factor (2%). For the estimate of the background remaining after all cuts, the systematic uncertainties
are small compared to the statistical uncertainty due to limited Monte Carlo statistics. See Table IV for the different
sources of systematic uncertainties in the eµ` channel and Table V for the sources in the µµ` channel.
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Selection criteria Value

Cut 1 Preselection Trigger, ID, pl
T > 12 GeV and pl′

T > 8 GeV
calorimeter isolation < 4 (1.5) GeV, tracker isolation < 4 (1.5) GeV

for the leading (trailing) muon
both muons must come from the primary vertex

Cut 2 Mass: 24 GeV < M(µ1, µ2) < 60 GeV

Cut 3 ∆φ: ∆φ(µ1, µ2) < 2.9

Cut 4 6ET Missing Transverse Energy 6ET > 20 GeV

Cut 5 Sig(6ET) Sig(6ET): Sig(6ET) > 8 or 0 jets

Cut 6 Transverse Mass µ1,2 MT (µ, 6ET) > 20 GeV for both muons

Cut 7 pT`3 (tr) pT (`3) > 4.0 GeV, track isolation ΣpT < 1GeV

Cut 8 pT`3 (calo) pT (`3) > 4.0 GeV, calo isolation ET < (3GeV and 0.60
p

(pT (track))/GeV )

Cut 9 Transverse Mass `3 MT (`3, 6ET) > 8 GeV for both muons

Cut 10 Mass µ1`3 M(µ1, `3) < 80 GeV

Cut 11 pT balance 0.3 < (pT (µ)+ 6ET)/pT (`3) < 3

Cut 12 pT product 6ET * pT (`3) > 150 GeV2

TABLE III: List of the cuts used for the µµ` final state.

Source Background Signal

QCD scale factor 3 % -

Electron ID 2 % < 2%

Muon ID 2 % < 2%

Jet Energy Scale 15 % 5 %

WW scale/PDF 2 % -

WZ scale/PDF 2 % -

Quadratic sum 16 % 5 %

Luminosity (total) 6 % 6 %

(Z/γ∗ scale, 4 % -

Z/γ∗ PDF 4 % -

data/MC norm. factor) 2 % -

Quadratic sum total 17 % 8 %

TABLE IV: (eµ`) Systematic uncertainties on the number of events expected from Standard Model processes and from SUSY processes
after the last selection cut (relative errors are quoted).

VI. RESULTS

Numbers of observed candidates and background events expected after application of the successive selections are
listed in Table VI for eµ` and in Table VII for µµ`. For the eµ` analysis, no candidates are observed. The background
expectation is 0.94± 0.40 events, dominated by di-boson events . For µµ` the background expectation is 0.32± 1.34
and two events are selected in data. Also in the µµ` analysis di-boson events dominate the background composition
at the final cut stage. The number of signal events is in the range of 0.89-3.03 events in the final selection for the
three reference points mentioned in this note. Table VIII shows the number of signal events expected at different
stages of the cutflow for three reference points for the eµ` analysis and in Table IX for the µµ` analysis.

Since no evidence for associated production of charginos and neutralinos is observed, an upper limit on the product
of cross section and leptonic branching fraction σ × BR(3`) is extracted from this result. The result of these two
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FIG. 4: (µµ`) Distribution of (a) pT of leading µ at preselection level (b) pT of trailing µ at preselection level, (c) di-muon invariant mass
at preselection level, (d) ∆φ(µ, µ) at preselection level, for data (points with error bars), background simulation (histograms, complemented
with the QCD expectation) and signal expectation for point LHA.131.232 (open histogram).

analyses are combined with the results of the ee` [11], and like-sign µµ [12], using the modified frequentist approach.
The fraction of signal events that is selected by more than one selection is assigned to the selection with the largest
signal-to-backround ratio and removed from all others. Correlated errors are taken into account. The expected and
observed limits are shown in Fig. 6 as a function of χ̃±

1 mass. The result improves the upper limit of about 0.1 pb
set by [11].

Assuming the mSUGRA-inspired mass relation mχ̃±

1

≈ mχ̃0

2
≈ 2mχ̃0

1
as well as degenerate slepton masses m ˜̀ (no

slepton mixing), the limit on σ×BR(3`) is a function of mχ̃±

1

and m˜̀ with a relatively small dependence of the other

SUSY parameters. This result can therefore be interpreted in more general SUSY scenarios as long as the above mass
relations are satisfied and R− parity is conserved. The leptonic branching fraction of chargino and neutralino depends
on the relative contribution from the slepton- and W/Z-exchange graphs, which varies as a function of the slepton
masses. W/Z exchange is dominant at large slepton masses, resulting in relatively small leptonic branching fractions
(large m0 scenario). The leptonic branching fraction for three-body decays is maximally enhanced for m ˜̀ & mχ̃0

2

(3`-max scenario). In addition, the χ̃±
1 χ̃0

2 production cross section depends on the squark masses due to the negative
interference with the t-channel squark exchange. Relaxing scalar mass unification, the cross section is maximal in the
limit of large squark masses (heavy-squarks scenario)

For the 3`-max scenario, the updated trilepton analyses have improved the sensitivity in terms of the exptected
limit on the chargino mass from 117 GeV, [5], to 137 GeV. The new observed limit on the chargino mass is 141 Gev.

Decays into leptons can even be dominant if sleptons are light enough that two-body decays are possible. In the
latter case, one of the leptons from the neutralino decay can have a very low transverse momentum if the mass
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FIG. 5: (µµ`) Distribution of (a) 6ET at preselection level, (b) Sig(6ET) at preselection level, (c) p`3
T of the third track before an isolated

track is required in the event, (d) pT product before the cut is applied, for data (points with error bars), background simulation (histograms,
complemented with the QCD expectation) and signal expectation for point LHA.131.232 (open histogram).

difference beween neutralino and sleptons is small. In this region, only the µ±µ± selection remains efficient, leading
to a slightly higher limit for -6 . m ˜̀− mχ̃0

2
≤ 0. (see Fig. 7).

VII. CONCLUSIONS

A search has been performed for the trilepton decay signature from the associated production of the lightest chargino
and the next-to-lightest neutralino in leptonic channels with one electron, one muon and a third lepton and two muons
and a third lepton, using data corresponding to an integrated luminosity of 1.1 fb−1. No evidence for supersymmetry
is observed and new upper limits on the product of cross section and leptonic branching fraction are set, which are
more stringent than all existing limits for chargino masses beyond the LEP reach. Chargino mass limits beyond the
reach of LEP chargino searches are derived for several SUSY reference scenarios with enhanced leptonic branching
fractions.
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Source Background Signal

Muon ID, trigger, reconstruction 4% 4%

QCD scale factor 13 % -

Jet Energy Scale < 1% < 1%

WW scale/PDF 1 % -

WZ scale/PDF 1 % -

Track Momentum 1 % 1%

Z → µµ at large MT 17% -

Quadratic sum 21.8 % 4.25 %

Luminosity (total) 6 % 6 %

(Z/γ∗ scale 4 % -

Z/γ∗ PDF 4 % -

data/MC norm. factor) 2 % -

Quadratic sum total 22.6 % 7.4 %

TABLE V: (µµ`) Systematic uncertainties on the number of events expected from Standard Model processes and from SUSY
processes after the last selection cut.

TABLE VI: Number of candidate events observed and background events expected at different stages of the eµ` selection. Uncertainties
are statistical.

Cut Data Sum BG Z/γ∗ → ττ W→ `ν fakes WZ/ZZ WW Z/γ∗ → ee, µµ
(1) Presel 3105 3080 ± 34 1563 ± 10 221 ± 8 986 ± 31 8.8 ± 0.2 130 ± 1 103 ± 4
(2) 6ET related 303 287 ± 7 4.1 ± 0.4 145 ± 7 6.7 ± 2.6 4.9 ± 0.1 89 ± 1 9.5 ± 1.0
(3) Isolated Track 5 5.1 ± 0.9 0.2 ± 0.08 0.55 ± 0.4 0.2 ± 0.1 1.1 ± 0.1 0.5 ± 0.1 2.2 ± 0.5
(4) Anti-diboson 0 0.94+0.40

−0.13 0.09 ± 0.04 0.0+0.4
−0.0 0.04 ± 0.04 0.43 ± 0.04 0.3 ± 0.05 0.0+0.1

−0.0
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